We report a step toward scanning endomicroscopy without distal optics. The focusing of the beam at the distal end of a fiber bundle is achieved by imposing a parabolic phase profile across the exit face with the aid of a spatial light modulator. We achieve video-rate images by galvanometric scanning of the phase tilt at the proximal end. The approach is made possible by the bundle, designed to have very low coupling between cores.
Endoscopy is a powerful tool providing quick access to images of hollow organs without the need for surgical tissue removal, aiding, e.g., in the localization or early detection of disease. (see, e.g., [1] and references therein). Miniaturization of the endoscope probe will widen the range of accessible organs. In [2] a miniaturized fiber probe was developed by collapsing the endface of an single-mode fiber (SMF) into a rounded shape but imaging still required fiber scanning. Recently, several endoscope methodologies not requiring distal focusing optics nor fiber scanning have been proposed, notably methods using multimode fiber (MMF) [3] [4] [5] . While these three references report impressive spatial control through a complex media like an MMF, these methods only have potential within endoscopy using linear contrast like fluorescence or scattering. Lensless endoscopes using short pulses to achieve nonlinear contrast must be based on SMFs where mode dispersion is not a problem and precompensation of chromatic dispersion and nonlinearity can ensure that a short, intense pulse is delivered to the sample [6] .
Here, we report a step toward nonlinear lensless scanning endomicroscopy. Following in the footsteps of coherent laser beam combining [7] [8] [9] , the focusing of the beam at the distal end of a fiber bundle is achieved by imposing a parabolic phase profile across the bundle exit face with the aid of a two-dimensional spatial light modulator (2D-SLM) [10] . We use a bundle of SMF cores specially designed for the purpose, which exhibits extremely low cross talk between the individual cores. This allows video-rate transverse scanning of the focal spot by using scan mirrors before the 2D-SLM-a feat not easy with MMF because the MMF scrambles localized input spatial modes; and hitherto not demonstrated with bundles of SMF cores-maybe due to unacceptably high cross talk in existing designs. The main obstacles are thus removed for a point-scanning video-rate lensless endoscope for nonlinear applications.
The experimental setup is sketched in Fig. 1 . The laser is a continous-wave Yb fiber laser (IPG Laser, GmbH). The collimated laser beam is incident on a pair of galvanometric scan mirrors, which are imaged onto the 2D-SLM (X8267, Hamamatsu, 768 × 768 pixels, 20 × mm × 20 mm) by a 6.7× magnifying telescope ( f 1 and f 2 ), overfilling the area of the 2D-SLM. On the 2D-SLM a sawtooth phase grating (period 6.7 pixels) weighted by Gaussians in a hexagonal pattern is inscribed (middle inset in Fig. 1) ; each Gaussian gives rise to a beamlet diffracted into the first order. The phase of each beamlet can be controlled from 0 to 2π by shifting the sawtooth grating inside the corresponding Gaussian spot. The 2D-SLM is imaged (effective magnification 111×) onto the bundle input face by f 5 and f 6 after having removed the zeroth order by a spatial filter ( f 3 and f 4 ). The N beamlets are thus launched into N cores. The spatial constraint of the 2D-SLM size means that a maximum of N 91 cores in a hexagonal pattern (five concentric rings) can be illuminated simultaneously. To monitor the output of the bundle, a CMOS camera is conjugated to an object plane (OP) at a distance Z from the bundle exit face (effective magnification 33.3×). For video-rate imaging the OP is conjugated to a fast, singlepoint detector (a Ø500 μm Si photodiode, effective magnification 11.1×). Because the fiber bundle used here is not polarization-maintaining, we place a half-wave plate and a polarizer before the detection systems. The silica bundle with low cross talk was fabricated by the stack and draw process [11] . Ge-doped rods (Prysmian Group, parabolic refractive index profile, maximum difference of 3·10 −2 compared to silica) were inserted into a preform of 475 capillaries. Rod and capillary diameter were chosen to give core diameter and pitch of 3 and 15.4 μm in the final bundle. The relatively large pitch is key to achieving cross talk below −30 dB; and the field of view, inversely proportional to the pitch, see below, is still significant for the present parameters. An electron micrograph is seen in Fig. 1 , top left inset.
The aim is to bring the composite wavefront of N beamlets emerging from the bundle exit face to a focus in OP at a distance Z. The positions of the beamlets on the bundle exit face are (x i , y i , 0), the central core in the hexagonal pattern having i 0 and position 0; 0; 0. A focus at 0; 0; Z is established when the phase ϕ i of core i compensates the geometric distance,
where upon deflection of the focused beam can be achieved by imposing also phase tilts ϕ The parabolic phase imposed thus corresponds to a lens with focal length Z. With random ϕ i a speckle pattern is observed at OP. A parabolic phase across the bundle is achieved by calibrating the ϕ i : The center core (core 0) and core i are illuminated; the intensity at one pixel of the CMOS camera is monitored and ϕ i is set at the value that gives maximum intensity. This is done for all pairs (0, i) and takes around 20 min, limited by the update rate of the 2D-SLM. At the end of the process, once all cores are illuminated with the calibrated ϕ i , a central spot appears in the OP surrounded by weaker replicas due to the periodicity of the core pattern (top right inset of Fig. 1 ). While it would in principle be possible to calculate the needed ϕ i by Eq. (2), the empirical method above is needed due to experimental day-to-day drifts and differences in the optical path length of the individual cores.
Using the analogy between the parabolic ϕx i ; y i and a real lens, we expect the field at Z to be the Fourier transform of the field in the bundle endface plane up to a quadratic spatial phase.
This foretells a self-similar spot pattern that scales with Z. The analogy is not perfect because the cores have spatial extension over which the phase is flat. Direct calculation of the field at Z as well as intensity measurements, however, gave results sufficiently similar to the Fourier transform.
To focus at different depths Z we let ϕ 2 → ϕ 2 Δϕ 2 using Eq. (1) to calculate Δϕ 2 . An excerpt of the results is shown in Fig. 2 Fig. 2 we also observe the change in size of the spot with Z. Since in all cases N 91 cores with total diameter 150 μm are used, the effective NA for focusing decreases inversely proportional with Z. So when, from third to first row, Z and NA changes by a factor 1.63, we observe the FWHM of the spot change by a factor 1.47.
Thanks to the low coupling between cores, the bundle is tolerant to twists and bends that only introduce an additional phase Δϕ bend i x i ; y i , which can be corrected if known. The performance of the experimental setup was the same when the bundle was coiled (two loops with diameter 50 mm) as when the bundle was relaxed. Bending can introduce changes in birefringence so that the transmission through the polarizer may change.
The spot can be translated across OP in the transverse direction by imposing a linear transverse phase on the composite wavefront emerging from the bundle exit face, cf. Eq. (2). This is the same as a change of beam angle. Hence, when we change the angle of the beam incident on the 2D-SLM using the galvanometric mirrors, the same linear transverse phase (magnified) is found at the bundle exit face. This works because of the absence of mode coupling in the bundle. The maximum transverse displacement achievable in this approach corresponds to the case where ϕ i of neighboring cores differ by π, which corresponds to the full distance between the main spot and the first replica. The spot at the bundle distal tip can be scanned as fast as the galvanometric mirrors. In addition, the mechanical scan of the mirrors sidesteps any lower limitations on the transverse Fig. 3(f) , feature size 2.8 μm) is not. The pixel intensity is constant across the motifsa testimony to the fact that focused spot in OP is not altered, only displaced, as the galvanometric mirrors are scanned. Replica images are seen in a hexagonal pattern around the central image. This is a direct consequence of the periodicity of the core structure of the bundle that gives rise to replica spots in OP, cf. the top right inset in Fig. 1 . In the experiments, we took advantage of the fact that only one point at a time is imaged on the surface of the small photo diode. With a large detector, the measured image would be the convolution of the spot pattern with the object.
We have presented a video-rate lensless point scanning endoscope where the size of the endoscope distal probe is reduced to the fundamental limit-the diameter of the endoscope fiber itself. With optimizations to minimize losses, signal detection through the bundle should be possible, after which we think that our setup can contribute to the further miniaturization of endoscope probes without sacrificing image speed, or quality. Our designed point scanning endoscope is in principle compatible with nonlinear imaging schemes such as two-photon fluorescence and second and third harmonic generation where SMF are required to deliver a short and intense pulse to the sample.
